In a previous report (1), we have described studies dealing with the experimental induction in man of sensitivity to leucine hypoglycemia. In healthy subjects, marked sensitivity to leucine hypoglycemia was consistently induced by prior administration of sulfonylureas, compounds that are known to stimulate islet-cell activity. On the other hand, after pretreatment with Novo Ultralente insulin, administration of leucine produced decreases in blood glucose levels that, although significant, were small and inconsistent. A modest but significant hypoglycemic effect was also produced in some healthy subjects by administering leucine without prior administration of hypoglycemic agents ( 1, 2). The magnitude of these decreases in blood glucose levels was similar to that observed after administration of leucine to subjects pretreated with Ultralente insulin. From the results of these studies, we concluded that in man release of additional insulin is the primary mechanism by which leucine decreases the blood sugar in experimentally induced sensitivity to leucine hypoglycemia. Earlier reports had demonstrated an increase in concentration of plasma insulin during leucine-induced hypoglycemia, both in infants with idiopathic hypoglycemia (3-5) and in patients with islet-cell tumors (1, 6-8).
In a previous report (1), we have described studies dealing with the experimental induction in man of sensitivity to leucine hypoglycemia. In healthy subjects, marked sensitivity to leucine hypoglycemia was consistently induced by prior administration of sulfonylureas, compounds that are known to stimulate islet-cell activity. On the other hand, after pretreatment with Novo Ultralente insulin, administration of leucine produced decreases in blood glucose levels that, although significant, were small and inconsistent. A modest but significant hypoglycemic effect was also produced in some healthy subjects by administering leucine without prior administration of hypoglycemic agents ( 1, 2) . The magnitude of these decreases in blood glucose levels was similar to that observed after administration of leucine to subjects pretreated with Ultralente insulin. From the results of these studies, we concluded that in man release of additional insulin is the primary mechanism by which leucine decreases the blood sugar in experimentally induced sensitivity to leucine hypoglycemia. Earlier reports had demonstrated an increase in concentration of plasma insulin during leucine-induced hypoglycemia, both in infants with idiopathic hypoglycemia (3) (4) (5) and in patients with islet-cell tumors (1, (6) (7) (8) .
The present study, employing an immunoassay for insulin, was undertaken to determine the relationship between endogenous insulin and the induction of experimentally induced leucine hypo-glycemia in man. The results indicate 1) that significant and consistent increases in peripheral plasma levels of insulin precede and accompany experimentally induced leucine hypoglycemia and 2) that release of additional insulin is the mechanism by which leucine causes hypoglycemia.
METHODS
Details of testing procedures, analytical methods, and methods of pretreatment with sulfonylurea compounds or Ultralente insulin have been described previously (1). i-Leucine 1 (0.2 g per kg body wt) was administered either orally as a suspension or intravenously as a solution. Control tests consisted of oral administration of an equal volume of tap water or iv administration of an equal volume of normal saline. Samples of peripheral venous blood were usually obtained for determination of blood glucose and plasma insulin 30 minutes before administration of the test material and at appropriate intervals for 21 to 31 hours. Blood samples for immunoassay of insulin, with a small amount of powdered heparin added, were kept chilled before centrifugation at 4°C. Subsequently the plasma was separated and stored frozen. Radioimmunoassay was usually performed several days to several weeks after the testing procedure. Samples for one test [J.S. (a), Table I] were assayed 10 months after the experiment. A plasma sample reassayed several times over a period of 8 months showed no detectable loss of immunological potency.
Radioimmunoassay of plasma insulin was performed by the method of Yalow and Berson (3) . Radioiodination of crystalline beef insulin 2 with NaIl3. was performed as described by McCall, Timm, Eisentraut, and Unger (9) . In most instances, cellulose column purification was performed immediately after dialysis. 80 to 300 mc per mg.3 SA was estimated by monitoring radioactivity during the stages of the iodination process, by analyzing chromatoelectrophoretograms of the iodination reaction mixture, and by measuring the degree of binding of insulin 11. to antiserum of known potency. Guinea-pig antibeef insulin antiserum of a single plasma sample from one animal was used for these studies. Final antibody concentrations ranged from 1: 9,000 to 1: 12,000. The insulin standard was human insulin 4 lyophilized in 0.5-U amounts.
The standard insulin was dissolved in 0.1 ionic strength barbital buffer containing 0.25%o human serum albumin.
Samples frozen for future use demonstrated no detectable loss in immunological potency when compared up to one year later to freshly dissolved 0. 
RESULTS
Leucine tests in healthy subjects after pretreatment with sulfonylurea compounds. After administration of chlorpropamide 6 to healthy subjects, leucine produced large decreases in blood glucose levels consistently in each of 38 experi-ments after its oral administration (mean of maximal decreases, 29 mg per 100 ml) and in each of 13 experiments after its iv administration (mean of maximal decreases, 38 mg per 100 ml) (1). Levels of plasma insulin were measured during 5 oral and 12 iv tests (Table I ). Significant increments in plasma levels of insulin occurred in each of the 17 tests. The mean of the maximal increases in plasma insulin was 63 /AU per ml for the oral tests and 87 AU per ml for the iv tests. During 3 experiments a second infusion of leucine, begun 2 hours after the start of the first infusion, again produced significant increments in plasma insulin and corresponding decreases in blood glucose levels (Table I) . During the second leucine infusion, the plasma insulin increases and blood glucose decreases were of lesser magnitude than those in the first infusion. An increment in insulin concentration was evident within 10 minutes in 9 of 12 iv tests and by 20 minutes in the other 3. During control tests with oral tap water or iv saline, there were no significant increments in concentration of plasma insulin (Table I) . Two of the 4 control tests were chosen for immunoassay because of minor, though exceptional, decreases in blood glucose levels.
The in vitro addition of leucine to the plasma of a subject pretreated with chlorpropamide did not significantly alter the concentration of insulin as determined by immunoassay. The mean value of 3 plasma samples was 58 tU per ml before as well as after addition of leucine up to a concentration of 200 ug per ml of plasma.
Leucine tests in healthy subjects after pretreatment with Ultralente insulin. After administration of Ultralente insulin to healthy subjects, oral administration of leucine produced a significant hypoglycemic effect in only 21 to 46 experiments (mean of maximal decrease in blood glucose levels, 5.6 mg per 100 ml) (1). After iv administration of leucine to six Ultralente insulinpretreated subjects, the mean of the maximal decreases in blood glucose was 11 mg per 100 ml (1) . Plasma levels of insulin were measured during 3 oral and 3 iv tests (Table II) . The mean of the maximal increases in plasma insulin was 13 /LU per ml for the oral tests and 16 uU per ml for the iv tests (Table II) .
During the 3 oral leucine tests shown in Table VU II, there occurred an increase in insulin and a decrease in glucose levels in one, no change in either insulin or glucose levels in another, and a decrease in blood glucose without an increase in plasma insulin in the third. Increases in plasma insulin were always accompanied by decreases in blood glucose. During the 3 iv tests, decreases in blood glucose were accompanied by small increases in plasma insulin levels. A saline control test, chosen because of the exceptional decrease in blood glucose of 15 mg per 100 ml, showed no increment of plasma insulin concentration (Table  II) .
Leucine tests in healthy subjects without pretreatment. Administration of leucine to sub- Leucine (iv)
7* 87
Ultralente insulin Leucine (oral) 3 13 Leucine (iv) 3 16 None Leucine (oral) 2 12 Leucine (iv) 4 Table III . 
DISCUSSION
Our previous studies showed that sensitivity to leucine hypoglycemia could be induced consistently in healthy subjects after administration of sulfonylurea compounds (1). Our present study demonstrates that large increases in plasma levels of insulin are associated with the major decreases in blood glucose levels that follow the administration of leucine to healthy subjects pretreated with chlorpropamide. We found the mean of the maximal increases in plasma insulin to be 63 fuU per ml for the oral tests and 87 ,uU per ml for the iv tests. In chlorpropamide-pretreated subjects, the mean of the maximal decreases in blood glucose levels was 29 mg per 100 ml for the oral tests and 38 mg per 100 ml for the iv tests (1) . Leucine produced much greater increases in plasma levels of insulin and much greater decreases in blood glucose levels in subjects pretreated with chlorpropamide than in subjects without pretreatment or pretreated with Ultralente insulin. This indicates that sulfonylurea compounds, known to stimulate islet-cell activity, sensitize normal subjects to the insulinreleasing effect of leucine.
In healthy subjects, without prior administration of hypoglycemic compounds, administration of leucine produced modest and less consistent decreases in blood glucose levels (1, 2). Subjects in whom leucine did produce decreases in blood glucose (mean of maximal decrease, 10 mg per 100 ml) had significant increases in plasma insulin. The mean of the maximal increases in plasma insulin was 12 ,uU per ml for the oral tests and 20 fuU per ml for the iv tests. This contrasts with the control tests, during which there were no significant increases in plasma insulin (mean of maximal increases, 2 ,uU per ml). Evidently, the absence of a decrease in blood glucose after administration of leucine to some normal subjects is due to failure of leucine to induce 1) any insulin release or 2) sufficient insulin release to cause reduced blood glucose.
Administration of leucine to subjects pretreated with Ultralente insulin produced decreases in blood glucose similar in frequency and magnitude to those in subjects not pretreated with hypoglycemic agents. In subjects pretreated with Ultralente insulin, the mean of the maximal increases in plasma insulin was 13 uU per ml for the oral tests and 16 uU per ml for the iv tests. Thus the increases in plasma insulin after administration of leucine to this group were comparable with those in subjects without pretreatment. This finding supports earlier studies that failed to demonstrate any potentiating activity of leucine upon the hypoglycemic action of exogenous insulin in man (1) .
The results of leucine tests in the 3 experimental groups of subjects indicate that plasma insulin begins to increase before or at the onset of the fall of blood glucose. Peak insulin concentration preceded the maximal blood glucose depression by 10 to 30 minutes. The return to preinfusion levels of plasma insulin preceded that of blood glucose by about 30 minutes. The magnitude of the mean of maximal increases in plasma insulin for each of the 3 groups was commensurate with and proportional to the mean of the maximal decreases of their blood glucose values. This relationship between the magnitude of changes in plasma insulin and blood glucose as well as their temporal relationships after administration of leucine indicates that increased release of insulin is the cause of the decreases in blood glucose levels.
Occasionally we failed to detect an increase in the level of plasma insulin in peripheral venous blood after administration of leucine, even though a reduction of blood glucose occurred. This dissociation is interpreted in the following way. Up to 50% of endogenous insulin passing through the liver can be removed by this organ for over 1 hour (11) , and more than 50% of insulin 1131 rapidly injected into the portal vein is removed by the liver during one transhepatic passage (12) . Thus, small amounts of endogenously released insulin may exert an hepatic effect without being detectable in peripheral blood. One major effect of insulin is the reduction of hepatic glucose output (13) . We suggested previously that any additional insulin released from the pancreatic islets after administration of leucine would produce a major part of its hypoglycemic effect by decreasing hepatic glucose output (1). The demonstration by Lucas and Reaven (14) of a decrease in hepatic glucose output during and after leucine infusion to dogs pretreated with chlorpropamide confirms a hepatic role in the genesis of the ob-served hypoglycemia. The present data, showing large increases of insulin in peripheral venous (posthepatic) blood, adequately account for this reduction in hepatic glucose output by a direct effect of endogenously released insulin on the liver. In addition, however, the increases in plasma levels of insulin in peripheral venous blood, and the decreases in plasma levels of FFA after leucine administration (1) , indicate that increased peripheral carbohydrate utilization, mediated by increased release of endogenous insulin, contributes to the hypoglycemia induced by leucine.
SUM MARY
Plasma levels of insulin were measured by immunoassay before, during, and after the administration of leucine to healthy subjects a) after pretreatment with chlorpropamide, b) after pretreatment with Ultralente insulin, and c) without previous administration of hypoglycemic agents.
Appropriate control tests were performed by administration of water or saline to similar groups of subjects.
In chlorpropamide-pretreated subjects, administration of leucine produced large and consistent increases in plasma levels of insulin and large decreases in blood levels of glucose. When leucine was administered to subjects either pretreated with Ultralente insulin or without pretreatment, plasma insulin increases were considerably smaller, and blood glucose decreased less. In the three groups of subjects, there was an excellent correlation between the magnitude and the temporal relationships of changes in plasma insulin and blood glucose.
We conclude that increased release of additional insulin is the primary mechanism by which leucine causes hypoglycemia in healthy subjects whether or not they are pretreated with sulfonylurea compounds. We suggest that endogenously released insulin exerts its hypoglycemic action by decreasing hepatic glucose output as well as by increasing peripheral utilization of carbohydrate.
